Plant aerial parts are differentiated from stem cells that are located in the shoot apical meristem (SAM). CLAVATA3 (CLV3)-CLV1 is a well-known ligand-receptor pair, which functions in SAM maintenance. In Lotus japonicus, HYPERNODULATION ABERRANT ROOT FORMATION1 (HAR1) shows the highest similarity with CLV1 of all Arabidopsis receptor-like kinases (RLKs). However, HAR1 functions in the systemic regulation of root nodule development, but does not appear to function in SAM maintenance. Therefore, the gene that is responsible for SAM maintenance in L. japonicus is largely unknown. Here, we identified the L. japonicus CLV3-like (LjCLV3) gene as a counterpart of AtCLV3 and performed expression and functional analysis. LjCLV3 transcripts were detected in the central region of the shoot meristems. However, unlike AtCLV3, LjCLV3 expression was not detected in the epidermal layer, but in the inner layers of the shoot meristems. RNA interference (RNAi) of LjCLV3 caused enlargement of not only the SAM, but also the primary and secondary inflorescence meristems (IMs). Furthermore, LjCLV3-silenced plants exhibited fasciated stems and an increased number of flowers per peduncle. These results reveal that LjCLV3 is responsible for the maintenance of the SAM as well as the primary and secondary IMs.
Introduction
Aerial organs of higher plants originate post-embryonically from the shoot apical meristem (SAM) that harbors stem cells. The SAM produces organs continuously by controlling stem cell proliferation and differentiation. In Arabidopsis, several factors, including CLAVATA1 (CLV1), CLV3 and WUSCHEL (WUS), are involved in stem cell maintenance. WUS encodes a transcription factor that contains a homeodomain (Mayer et al. 1998) and maintains the stem cell identity. CLV3, one of the CLV3/ESR-related (CLE) gene family members, encodes a small protein and is expressed in the outermost three cell layers of the central region of the SAM, as well as the inflorescence and floral meristems (IM and FM) (Fletcher et al. 1999 ). CLV1 encodes a receptor-like kinase (RLK) and its transcripts are detected underneath the CLV3-expressing cells (Clark et al. 1997) . Loss of function of either CLV1 or CLV3 causes overproliferation of stem cells, resulting in enlargement of the SAMs, IMs and FMs (Clark et al. 1993 , Clark et al. 1995 . A genetic analysis showed that the CLV3-CLV1-WUS feedback loop is critical for stem cell maintenance in Arabidopsis (Schoof et al. 2000) . Recently, Ohyama et al. (2009) demonstrated that the 13 amino acid arabinosylated glycopeptide processed from the CLV3 proprotein functions as a biologically active CLV3 peptide and that it directly binds to the CLV1 receptor. Furthermore, several genetic studies suggest that other receptor genes, CLV2, CORYNE (CRN)/SUPPRESSOR OF LLP1 2 (SOL2) and RECEPTOR PROTEIN KINASE2 (RPK2)/ TOADSTOOL 2 (TOAD2), act in parallel with CLV1 (Jeong et al. 1999 , Miwa et al. 2008 , Müller et al. 2008 Plant Cell Physiol. 52(7): 1211-1221 (2011) doi:10.1093/pcp/pcr071, available online at www.pcp.oxfordjournals.org ! The Author 2011. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals. permissions@oup.com et al. 2010 , Guo et al. 2010 , Kinoshita et al. 2010 , Zhu et al. 2010 .
In rice, the CLV3-CLV1 interaction is likely to be conserved as FON2/4-FON1. FON1 is an ortholog of CLV1, while FON2/4 is closely related to CLV3 (Chu et al. 2006 , Suzaki et al. 2006 . Genetic analyses showed that FON1 and FON2/4 maintain the FM via the same genetic pathway (Suzaki et al. 2006 ). In the case of SAM maintenance, another OsCLE gene, OsCLE402/ FON2-LIKE CLE PROTEIN1 (FCP1), appears to be important (Suzaki et al. 2008) . These data suggest that Arabidopsis and rice share the conserved genes and mechanisms that regulate meristem maintenance.
In a model legume Lotus japonicus, HAR1 is the most closely related to CLV1 among all Arabidopsis RLKs (Oka-Kira and Kawaguchi 2006). However, based on its mutant phenotypes and expression pattern (Wopereis et al. 2000 , Krusell et al. 2002 , Nishimura et al. 2002 , Nontachaiyapoom et. al. 2007 ), HAR1 is not likely to control SAM maintenance, but it plays a role in the systemic regulation of nodule development. Similarly, the HAR1 orthologs in other legumes, such as Glycine max, Pisum sativum and Medicago truncatula, do not seem to be involved in SAM maintenance (Krusell et al. 2002 , Nishimura et al. 2002 , Searle et al. 2003 , Schnabel et al. 2005 . The mutations in the HAR1 orthologs affect nodule number, but do not induce any abnormal shoot architecture. These observations raise the question of how leguminous plants maintain their SAM activity. Furthermore, as a legume, L. japonicus develops a distinctive shoot architecture. For instance, the L. japonicus SAM acquires the primary IM identity during the reproductive phase but, unlike Arabidopsis, it does not directly generate flowers. Instead, the primary IM of L. japonicus produces the secondary IMs, which develop one or two flowers (Dong et al. 2005) . Therefore, it is important to elucidate the factors that participate in the maintenance of the SAM as well as the primary and secondary IMs. Recently, L. japonicus KLAVIER (KLV) and P. sativum CLV2 have been identified as the putative orthologs of RPK2/TOAD2 and CLV2, respectively (Miyazawa et al. 2010 , Krusell et al. 2011 . Mutations in these genes cause not only hypernodulation, but also abnormal shoot architecture, such as fasciation. In this study, we focused on the L. japonicus CLV3-like gene (LjCLV3), the potential counterpart of Arabidopsis CLV3. Our expression and functional analyses of LjCLV3 indicate that it controls the maintenance of the SAM as well as that of the primary and secondary IMs.
Results
LjCLV3 shows the highest similarity to Arabidopsis CLV3
To date, >90% of the gene space has been determined in L. japonicus . Previously, we identified 39 L. japonicus CLE genes through in silico analysis of the L. japonicus genome (Okamoto et al. 2009 ). Among 39 LjCLE genes, we found an LjCLE gene that is the most closely related to Arabidopsis CLV3, and named it LjCLV3. In contrast to the vast majority of CLE genes, which contain no intron, DNA sequence analysis revealed that LjCLV3 is composed of three exons as observed in particular CLE genes such as AtCLV3 and FON2/4 (Fig. 1A) . Furthermore, the positions of the exon-exon junctions in LjCLV3 are similar to those of AtCLV3 (Fig. 1B) .
LjCLV3 encodes a short protein of 105 amino acids. A secretion signal was predicted by SignalP (http://www.cbs.dtu.dk/ services/SignalP/) at its N-terminus and a conserved domain was found at its C-terminus (Fig. 1B) . Recently, it was reported that the bioactive AtCLV3 peptide is a 13 amino acid oligopepetide processed from the conserved region of AtCLV3 precursor protein (Ohyama et al. 2009 ). Therefore, we compared the amino acid sequence of the 13 amino acid region of LjCLE proteins with those of Arabidopsis thaliana and rice CLE proteins, although several CLE proteins lack the 13th amino acid. In 39 LjCLE proteins, the 13 amino acid region of LjCLV3 is the most closely related to that of AtCLV3 (Fig. 1C) . Likewise, among all AtCLE proteins, the 13 amino acid region of AtCLV3 shows the highest similarity to that of LjCLV3 (Fig. 1D) . Although the conserved region of CLE proteins is too short to provide sufficient information for phylogenetic analysis, these results indicate that LjCLV3 is highly likely to be an ortholog of AtCLV3. Furthermore, among OsCLE proteins (Kinoshita et al. 2007 ), four OsCLE proteins show the highest amino acid sequence identity with LjCLV3 in the 13 amino acid region. Interestingly, among those four OsCLE genes, FON2/4, OsCLE402/FCP1 and OsCLE50/FCP2 have been implicated in shoot meristem control (Suzaki et al. 2006 , Chu et al. 2006 , Suzaki et al. 2008 LjCLV3 is expressed in the inner layer of the shoot meristems
We performed real-time reverse transcription-PCR (RT-PCR) analyses to examine the expression levels of LjCLV3 in various organs of L. japonicus. LjCLV3 expression was mainly detected in the shoot apices and stems containing axillary meristems (AMs) (Fig. 2A) . On the other hand, LjCLV3 was not detected in the roots and nodules. Furthermore, the expression level of LjCLV3 was not affected by a HAR1 mutation (Fig. 2B) or the inoculation of Mesorhizobium loti, a symbiotic nitrogen-fixing bacterium of L. japonicus ( Fig. 2A) .
The SAM of L. japonicus, like those of many dicot plants (Steeves and Sussex 1989) , has a two-layered tunica (L1 and L2) overlying a corpus (Fig. 3A) . The outermost L1 layer corresponds to epidermis and the corpus lies beneath the L2 layer. We analyzed the spatial expression patterns of LjCLV3 by in situ hybridization. In the vegetative phase, consistent with its expression pattern shown by real-time RT-PCR ( Fig. 2A) , LjCLV3 was specifically expressed in a patch of cells across the center of the SAM (Fig. 3A) . Moreover, LjCLV3 mRNA was also detected on the AM (Fig. 3C) . In L. japonicus, the SAM acquires the identity of the primary IM, and then the secondary IMs are generated from axils, leading to formation of one or two flowers per peduncle (Dong et al. 2005) . LjCLV3 was also detected in the central region of the primary and secondary IMs (Fig. 3D) . In the FM, LjCLV3 was also strongly expressed in the central region of the meristem, but weak expression was also detected in the L1 and L2 layers (Fig. 3E) . It is noted that LjCLV3 transcripts were detected in the underlying inner cell layers, but not in the outermost epidermal layer of the central region of the vegetative and inflorescence meristems. The expression patterns of LjCLV3 are different from that of AtCLV3, which is predominantly expressed in the outermost L1 and L2 layers of the central region of shoot meristems (Fletcher et al. 1999) . We also performed in situ hybridization for HAR1 in the shoot meristems, but no signal was detected (data not shown).
RNA interference (RNAi) of LjCLV3 promotes shoot regeneration from calli
To elucidate the function of LjCLV3, we produced transgenic plant lines. Because the floral dip method has not been developed in L. japonicus, we used the hypocotyl transformation method (Stiller et al. 1997) . Lotus japonicus hypocotyl explants were inoculated with Agrobacterium tumefaciens harboring a transgenic construct of interest. After Agrobacterium infection, transformed cells developed calli, from which shoots were regenerated. To examine the gain-of-function phenotypes of LjCLV3, we overexpressed LjCLV3 by using the L. japonicus polyubiquitin 1 (LjUBQ1) promoter (Maekawa et al. 2008) . In these lines, calli were formed normally, but the shoot regeneration GA---NGEAEKAKTKGLGLHEELRTVPSGPDPLHHHVNPPRQPRNNFQLP 96 The amino acid residues of the LjCLE peptides that are identical to AtCLV3 are highlighted in black. The amino acid residues of the AtCLE peptides (D) or the OsCLE peptides (E) that are identical to LjCLV3 are highlighted in black. Some CLE proteins lack the 13th amino acid, which is represented by an asterisk.
was strongly inhibited: only 6% of calli regenerated shoots, whereas in the control lines 30% of calli regenerated shoots (Table 1) . Meanwhile, to evaluate the loss-of-function phenotype of LjCLV3, we introduced the LjCLV3-RNAi construct into hypocotyl explants. Calli were formed normally from the Agrobacterium-infected explants. Interestingly, the efficiency of shoot regeneration was higher than that in the controls; about 40% of calli regenerated shoots ( Table 1 ) and some of them were fasciated. These results suggest that LjCLV3 negatively regulates shoot regeneration from calli.
RNAi of LjCLV3 affects shoot architecture
To perform a detailed characterization of the LjCLV3-silenced plants, we obtained the progeny of the LjCLV3-silenced lines. Compared with the control plants harboring empty vector, real-time RT-PCR analyses showed that the expression levels of LjCLV3 were reduced to approximately 10% in the RNAi-1 line and 65% in the RNAi-2 line (Fig. 4H) . Both LjCLV3-silenced lines sometimes showed fasciated stems and then caused bifurcation (Fig. 4A, B) . This phenotype was also reported in AtCLV3-silenced Arabidopsis (Chuang and Meyerowitz 2000) . Usually, L. japonicus Gifu produces one or two flowers on a peduncle, which is generated from the axils; in contrast, the LjCLV3-silenced plants often generated three or more flowers (Fig. 4E, G) . In each LjCLV3-silenced line, the mean number of flowers per peduncle was increased >1.5-fold (Fig. 4G ) and the severity of this phenotype was negatively correlated with the LjCLV3 transcript levels. Meanwhile, in the vast majority of flowers of the LjCLV3-silenced lines, the number of floral organs was normal. Moreover, the LjCLV3-silenced lines formed normal-shaped seed pods (Fig. 4E) , while Arabidopsis clv mutants form club-shaped silique ('clavata' means club in Latin). Some flowers of the LjCLV3-silenced lines were misshapen (<10%) and sterile; however, similar deformed flowers were also observed in the control line. Therefore, this phenotype appears to be caused by a somatic mutation. Mutations in HAR1 cause a hypernodulation phenotype and its genotype in shoots is responsible for this phenotype (Krusell et al. 2002 , Nishimura et al. 2002 . Considering that the ligandreceptor pair CLV3-CLV1 is highly conserved in Arabidopsis and rice, LjCLV3 may also function together with HAR1 and play a role in the systemic regulation of nodule development. To test this possibility, we analyzed the nodulation phenotype. As for LjCLV3-silenced plants, there was no significant difference in the number of nodules as compared with controls ( Supplementary Fig. S1 ). Furthermore, the morphology of the nodules that developed on the LjCLV3-silenced roots was normal (data not shown).
RNAi of LjCLV3 affects the size of the shoot meristem
To examine further the developmental abnormalities of the shoot in the LjCLV3-silenced line, the vegetative and reproductive shoot meristems of the LjCLV3-silenced lines were analyzed. The vegetative SAMs [20 days after germination (DAG)] were cleared and observed by differential interference contrast (DIC) optics. We found that the SAMs of both LjCLV3-silenced lines were significantly wider than that of wild-type plants ( Supplementary Fig. S2A-C) . In the reproductive phase, the shoot apices of L. japonicus become thickened, which makes it difficult to observe the shoot meristems by DIC optics. Therefore, we observed the inflorescence meristems by using scanning electron microscopy (SEM). The primary IMs of the LjCLV3-silenced line were significantly enlarged as compared with the wild type, and phyllotactic defects were observed (Table 2, Fig. 5A-C) . Furthermore, the bifurcated primary IMs were observed in some LjCLV3-silenced plants (Fig. 5B) . Secondary IMs are generated in the peripheral region of the primary IM. Our SEM analysis revealed that the secondary IMs of the LjCLV3-silenced plants were also significantly wider than that of wild-type plants (Table 2) . Thus, silencing of LjCLV3 caused defects in maintenance of both vegetative and reproductive shoot meristems.
LjCLV3 can complement Arabidopsis clv3 mutant phenotypes
The sequence similarity between LjCLV3 and AtCLV3 prompted us to examine whether LjCLV3 and AtCLV3 share the same function. To this end, we introduced p35S:LjCLV3 into the Arabidopsis clv3-2 mutant. Similarly to the overexpression experiments of other CLE genes in Arabidopsis clv3 mutants (Hobe et al. 2003 , Wang et al. 2005 , Suzaki et al. 2006 , the observed phenotypes of p35S:LjCLV3/clv3-2 plants were roughly classified into three types. The first type of plants generated a few leaves, but further development was aborted (data not shown), suggesting that LjCLV3 overexpression suppressed the SAM activity. The second type of plants still exhibited clv3 phenotypes (data not shown), presumably due to insufficient expression levels of LjCLV3 in these transgenic lines. In contrast, the third type of p35S:LjCLV3/clv3-2 plants displayed a wild-type-like phenotype; the stem fasciation was not observed and the floral organ number and the silique shape were recovered ( Supplementary Fig. S3 ). This observation suggests that LjCLV3 has the ability to complement AtCLV3.
Discussion
CLV3-CLV1 is a well-characterized ligand-receptor pair, and the components play an important role in SAM maintenance. However, the L. japonicus CLV1-like gene, HAR1, functions in the systemic regulation of nodule formation. Therefore, how L. japonicus maintains SAM activity has been largely unknown.
In this study, we identified LjCLV3 as a putative ortholog of AtCLV3. The expression and functional analyses showed that LjCLV3 plays a role in the maintenance of the SAM and primary and secondary IMs. Considering recent reports about leguminous RPK2-like and CLV2-like genes (Miyazawa et al. 2010 , Krusell et al. 2011 , our findings suggest that the CLV3 signaling pathway is active in the shoot meristems of legumes.
The function of LjCLV3
In legumes, the function of CLV3-like genes has not been elucidated so far, although these genes are known to be expressed in the shoot apices of M. truncatula and pea (Chen et al. 2009 , Liang et al. 2010 . In this study, we analyzed not only the expression pattern of LjCLV3, but also its function. The expression analysis showed that LjCLV3 transcripts are accumulated in various meristems, such as the SAM, AM, primary and secondary IMs and FM ( Fig. 3B-E) . In the functional analysis, overexpression of LjCLV3 resulted in suppression of shoot regeneration from calli ( Table 1 ). Considering that WUS is required for shoot meristem re-establishment from calli in Arabidopsis and M. truncatula (Gordon et al. 2007 , Chen et al. 2009 , Su et al. 2009 ), this suppressed shoot regeneration may be the consequence of the potential alteration of LjCLV3 expression. To analyze the role of LjCLV3 in meristematic cells more precisely, an inducible expression system should be established in L. japonicus. On the other hand, RNAi silencing of LjCLV3 enhanced shoot regeneration from calli (Table 1) . Furthermore, LjCLV3-silenced plants exhibited enlarged vegetative SAMs ( Supplementary Fig. S2 ), stem fasciation and bifurcation (Fig. 4A, B) . In the reproductive phase, LjCLV3 silencing caused enlargement of the primary and secondary IMs ( Table 2 , Fig. 5A, B) . Considering that flowers are generated from the secondary IMs in L. japonicus (Dong et al. 2005) , the observed increase in the number of flowers per peduncle in LjCLV3-silenced plants is probably due to the enlargement of the secondary IMs. Previous studies reported that L. japonicus unusual floral organs (Ljufo) and leafy (Ljlfy) mutants also generate numerous floral-like structures on a peduncle (Zhang et al. 2003 , Dong et al. 2005 . However, in these mutants, the primary FM produces multiple secondary floral-like meristems, and this causes the formation of many floral-like structures. Therefore, an increase in the number of floral-like structures in Ljufo and Ljlfy may be induced in a different manner from LjCLV3-silenced plants. Taken together, we first uncovered the role of the CLV3-like gene in legumes; LjCLV3 functions in the maintenance of shoot meristems in both vegetative and reproductive stages. LjCLV3-silenced plants showed almost no phenotypes in the architecture of flowers and seed pods (Fig. 4E, F) , even though LjCLV3 is expressed in the FM (Fig. 3G) . There are two possible explanations for this result. One is that LjCLV3 silencing was not efficient enough to induce phenotypes in the FM. The other possibility is that, in parallel with LjCLV3, other redundant factors may also function in FM maintenance in L. japonicus. In Oryza sativa indica, another CLE gene, FON2 SPARE1, maintains the FM in parallel with FON2/4 and it complements the fon2/4 mutant phenotype (Suzaki et al. 2009 ).
Considering that the CLV3-CLV1 relationship is conserved in Arabidopsis and rice (Clark et al. 1995 , Suzaki et al. 2006 , there is a possibility that LjCLV3 acts together with HAR1 to regulate the number of nodules. Therefore, we explored whether LjCVL3 is involved in root nodule formation. The expression analyses showed that LjCLV3 transcripts were not detected in the roots and nodules, but they were mainly expressed in the shoot apices ( Fig. 2A) . The expression levels of LjCLV3 were not affected by rhizobial inoculation or a HAR1 mutation (Fig. 2B) , whereas CLE-RS1 and CLE-RS2, two strong candidates for the HAR1 ligands, are detected in the roots and their expression is affected by those factors (Okamoto et al. 2009 ). Furthermore, as for the LjCLV3-silenced plants, the number of nodules was not affected (Supplementary Fig. S1 ). Therefore, it seems that LjCLV3 is not important for the regulation of root nodule development. However, we cannot rule out the possibility that the effect of LjCLV3 silencing was not strong enough to affect nodule development. In addition, other CLV3-like genes may exist and function together with HAR1 in L. japonicus.
The observation in p35S:LjCLV3/clv3-2 plants suggests that LjCLV3 is able to complement AtCLV3. However, considering that overexpression of many CLE genes can also affect the SAM activity non-specifically (Hobe et al. 2003 , Wang et al. 2005 , Strabala et al. 2006 , Suzaki et al. 2006 , our result may not be sufficient to conclude that LjCLV3 is a component of the CLV signaling pathway. To address this question, it may be critical to test whether expression of LjCLV3 under the control of the native AtCLV3 promoter can complement the clv3 mutant and whether a mutation in the gene coding for the receptor of the CLV3 peptide, such as CLV1, can abolish this complementation effect.
The spatial expression pattern of LjCLV3
In terms of the spatial expression pattern of the CLV3 gene, we found a striking difference between Lotus and Arabidopsis: AtCLV3 which is used as a stem cell marker is mainly expressed in the outermost three cell layers of the central region of shoot meristems (Fletcher et al. 1999) , while the LjCLV3 transcript was not detected in the epidermal layer (Fig. 3B-D) . This observation suggests that despite their similar SAM structures (Fig. 3A, and Vaughan 1955) , Arabidopsis and L. japonicus may possess slightly different mechanisms to define their stem cell niches. Thus, it will be interesting to examine in more detail the relationship between the spatial expression pattern of LjCLV3 and the stem cell niche in L. japonicus. It is well known that the expression of AtCLV3 is positively controlled by WUS, the expression domain of which lies under the AtCLV3-expressing region (Schoof et al. 2000) . Furthermore, it has been reported that A-type Arabidopsis response regulator (ARR) 7 and ARR15, components of the cytokinin signaling pathway, are involved in AtCLV3 induction (Zhao et al. 2010 ). Therefore, it is possible that the functional orthologs of ARR7 and ARR15 affect the spatial expression pattern of LjCLV3, although such genes remain to be identified in L. japonicus. Moreover, considering the tight relationship between CLV3 and CLV1 in A. thaliana, the lack of HAR1 (i.e. the CLV1 homolog) in the L. japonicus SAM might affect the spatial expression patterns of LjCLV3.
The candidate receptor for the LjCLV3 gene product in shoot meristem maintenance
We show that LjCLV3 functions in the shoot meristems; however, the receptor for the LjCLV3 gene products is completely unknown. Until now, in Arabidopsis, the CLV2-CRN/SOL2 complex and RPK2/TOAD2 are suggested to recognize the AtCLV3 peptide in parallel with CLV1 (Müller et al. 2008 , Miwa et al. 2008 , Bleckmann et al. 2010 , Guo et al. 2010 , Kinoshita et al. 2010 , Zhu et al. 2010 . Therefore, it is conceivable that the orthologs of CLV2, CRN/SOL2 and RPK2/TOAD2 in L. japonicus also recognize the LjCLV3 gene product. Recently, KLAVIER (KLV), the putative ortholog of RPK2/TOAD2, has been identified in L. japonicus (Miyazawa et al. 2010) . Although a mutation in KLV causes a pleiotropic phenotype, the klv mutant also exhibits abnormal shoot architecture as observed in the LjCLV3-silenced plants; the klv mutant shows enlarged shoot meristems and an increase in the number of flowers per peduncle (Oka-Kira et al. 2005 , Miyazawa et al. 2010 . Furthermore, in L. japonicus and pea, the putative orthologs of AtCLV2 were identified (Krusell et al. 2011) . Because only a weak Ljclv2 mutant line has been isolated, it is not clear whether LjCLV2 is involved in shoot meristem maintenance. Meanwhile, mutations in PsCLV2 cause not only hypernodulation but also stem fasciation and formation of additional flowers. Therefore, KLV and LjCLV2 are good candidates for the receptor for the LjCLV3 gene product. Taken together, our findings suggest that the conserved CLV3 signaling pathway is likely to control the shoot meristem maintenance of legumes.
Materials and Methods

Biological materials
For the expression and functional analysis of LjCLV3, L. japonicus B-129 Gifu (wild type) and har1-4 (Nishimura et al. 2002) were used. In the rhizobial inoculation analyses, M. loti MAFF303099 was used. Arabidopsis plants used in this study were Ler and clv3-2.
Real-time RT-PCR analysis
The sterilized seeds were germinated and grown in plastic growth boxes with sterilized vermiculite moistened with liquid B&D medium. They were placed in a growth cabinet (22 C 16 h light/22 C 8 h dark). After 5 d, the plants were inoculated with M. loti MAFF303099 and they were grown for a further 14 d.
Total RNAs were extracted from each organ using RNeasy plant kits (Qiagen) and cDNA was synthesized using QuantiTect Reverse Transcription kits (Qiagen), following the manufacturer's protocols.
Real-time PCR analysis was performed using QuantiTect SYBR Green PCR kits, and PCR cycling conditions were constructed during the denaturation step at 95 C for 15 min, followed by 45 cycles at 94 C for 30 s, 60 C for 1 min. Real-time PCR was performed using the GeneAmp7000 Sequence Detection System (Applied Biosystems). The relative expression amount of each gene was calculated using the ÁÁCt method according to the manufacturer's manual. LjATP synthase (AW719841) was used as a reference gene. The gene-specific primers used for real-time PCR were: LjCLV3, 5 0 -AATGCTGCCT ATGGTTGCTC-3 0 , 5 0 -TGGTGATCCTTGCAGTACC-3 0 ; and ATP synthase, 5 0 -ACATGCTTGCACCATACCAA-3 0 and 5 0 -TCCCCA ACTCCAGCAAATAC-3 0 .
In situ hybridization
For in situ hybridization, partial cDNAs of LjCLV3 were amplified with the following primers and were cloned into the pGEM-T vector (Promega). The gene-specific primers were: LjCLV3, 5 0 -ATCAATGGCATCAAAATCGA-3 0 and 5 0 -CATGAA GTGTACCAACAAGGTGA-3 0 . The probe synthesis, the preparation of sections and in situ hybridization were performed as described in Suzaki et al. (2004) .
Lotus japonicus transformation
For LjCLV3 overexpression, the coding sequence (CDS) of LjCLV3 was amplified by PCR with the primers 5 0 -ATATGGAT CCATCAATGGCATCAAAATCGA-3 0 and 5 0 -ATATGAGCTCGC CAAATATTCTACGAAGTTA-3 0 . This PCR product was cloned into the BamHI and SacI sites of pUB500i (Maekawa et al. 2008) . pUB500i (prLjUBQ1-GUS) was used as a control vector for LjCLV3 overexpression. For LjCLV3 RNAi, the cDNA fragments of LjCLV3 were amplified with two primer pairs, 5 0 -TA GCGGTACCGGTGCTCTCTGTTTTGAAGGA-3 0 and 5 0 -TAGCC TCGAGCATGAAGTGTACCAACAAGGTGA-3 0 ; and 5 0 -TAGCA TCGATGGTGCTCTCTGTTTTGAAGGA-3 0 and 5 0 -TAGCGGAT CCCATGAAGTGTACCAACAAGGTGA-3 0 , and cloned into pKANNIBAL (Wesley et al. 2001 ) through the KpnI/XhoI and ClaI/BamHI sites, respectively. Thereafter, a hairpin RNA cassette of LjCLV3 was picked out by NotI digestion and cloned into the binary vector pART27. pART27 (empty vector) was used as a control vector for LjCLV3 RNAi. These constructs were introduced into A. tumefaciens AGL1. The transformation of L. japonicus was performed as described in Nishimura et al. (2002) and the transformants were selected with 20 mg ml À1 G418 (Sigma).
To assess the shoot regeneration efficiency of each construct, the number of regenerated shoots from independent calli was counted for a month from the time the first shoot was regenerated.
Nodulation phenotype
Preparation and growth conditions of plants are the same as described for the real-time RT-PCR analyses. At 7 DAG, the plants were inoculated with M. loti and, 21 d after germination, nodules were counted.
Measurement of meristem size
The vegetative shoot apices of plants at 20 DAG were used. The fixation and clearing were performed as described in Ruzin (1999) . The cleared samples were observed by using a microscope (BX50; Olympus) equipped with Nomarski DIC optics. The width of the shoot meristems was measured just above the two leaf primordia.
Scanning electron microscopy
The reproductive shoot apices of plants at 55 DAG were used. The samples were fixed as described in Suzaki et al. (2004) . The samples were dried at the critical point, sputter-coated with gold and observed by scanning electron microscopy (S-800; Hitachi) at an accelerating voltage of 20 kV.
Arabidopsis thaliana transformation
For LjCLV3 overexpression, the CDS of LjCLV3 was amplified by PCR with the primers 5 0 -AAAAAGCAGGCTATCAATGGCATCAA AATCGA-3 0 and 5 0 -AGAAAGCTGGGTGCCAAATATTCTACGAAG TTA-3 0 . This PCR product was cloned into pDONR221 (Invitrogen) using the Gateway BP reaction and transformed into Escherichia coli strain DH5a. Inserts were transferred into pH7WG2D, 1 (Karimi et al. 2002) via the Gateway LR reaction. The LR reaction products were transformed into E. coli DH5a. Positive transformants were sequenced and transformed into A. tumefaciens GV3101. Arabidopsis thaliana was transformed using the floral dip method and the transformants were selected with 20 mg ml À1 hygromycin (Sigma).
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